Abstract: Bats (order Chiroptera) represent nearly one fourth of the approximately 5,000 known species of mammals, yet many aspects of their biology are poorly understood. Bats of certain species are well known reservoirs of rabies virus but within the past few years bats also have been identified as reservoirs or potential reservoirs of several other important human and livestock pathogens. In some instances, these viruses may cause persistent infections without recognized pathology in the bat host. Even though these are medically important viruses, little is known as to how bat immune systems engage viruses or how these viruses may evade a sterilizing host immune response. We have recently initiated research on Seba's short-tailed fruit bat (Carollia perspicillata), which may be a reservoir for a newly discovered coronavirus. We cloned and characterized cDNAs of four cytokine genes; tumor necrosis factor, interleukin-10, interleukin-23a, and granulocyte macrophage stimulating factor. Our sequence analysis shows these genes are highly conserved with regard to orthologous sequences and they provide some value for resolving phylogenetic relationships between mammals. This work represents a first step in developing an infection and immunology model for a New World coronavirus in bats.
INTRODUCTION
In recent years, several zoonotic viral disease agents have been isolated from or detected in bats [1] . For some of these viruses bats are known reservoir hosts, and for others they are suspected reservoirs or incidental hosts. Hendra virus, hosted by pteropid bats [2] , was first identified from cases of fatal equine and human respiratory disease in Australia [3] . Nipah virus, also hosted by pteropid bats [4] , has been associated with multiple outbreaks of human disease in Cambodia, Malaysia, India and Bangladesh, with casefatality rates as high as 70% [5] . Lyssaviruses, including rabies virus, have been detected in bats throughout the world, except in Antarctica, which has no bats [6] . Severe acute respiratory syndrome coronavirus (SARS-CoV)-like viruses have been detected in Chinese horseshoe bats [7] , and it is thought SARS-CoV is a direct descendent of these bat-borne viruses. Recent serological and molecular evidence suggests that ebolaviruses and Marburg virus are hosted by fruit bats in Africa [8] . While some infected reservoir host bats may show pathology, others appear to be asymptomatic [9] . Currently, more than 100 viruses have been identified from or detected in bat tissues, suggesting that bats are significantly underappreciated as hosts and vectors for human pathogens. Studies evaluating immune competency of bats are only now beginning to be conducted [10] [11] [12] [13] [14] [15] Three viruses have been detected in Seba's short-tailed bats (Carollia perspicillata); an unspecified betaretrovirus, Venezuelan equine encephalitis virus (VEEV) and a group 1 coronavirus [16] [17] [18] . It is unknown whether bats of this species are reservoirs for these viruses or whether infections were incidental. Because these bats are found from central Mexico to southern Brazil [19] , it is important to determine their possible role in maintenance and dissemination of these and other viruses. For this reason, we have begun a project to determine susceptibility of Seba's bat to one of these viruses with the intent of studying infection of these bats with a novel coronavirus discovered in Trinidad and Tobago [18] . While many novel coronaviruses have been recently discovered in bats, no infection models have been established.
Since the role of the host response is important in resistance and susceptibility, it will be necessary to develop methods for evaluating immune responses in the bats. It is likely that some bats may become persistently-infected without disease and that the viruses have evolved immune evasion strategies. We have successfully cloned partial sequences of four cytokine genes from Seba's short-tailed bat: tumor necrosis factor (TNF), interleukin-10 (IL-10), IL23a, and granulocyte-macrophage colony stimulating factor (GM-CSF). We present here molecular and phylogenetic analyses of the sequences.
MATERIALS AND METHODS

Bats
The University of Northern Colorado (UNC) bat colony comprises neotropical fruit bats of two species, C. perspicillata and Artibeus jamaicensis (Jamaican fruit bat). These are maintained together in a 36 m 3 room that allows unrestrained free-flight of all individuals. The colony has been closed for 16 years and is rabies virus-free; PCR screening of rectal swab samples from 20 of these bats has failed to detect coronaviruses (K. Holmes, pers. comm.). The bats have access to roosting areas in the form of ceiling-hung baskets and various cloth drapes and are maintained under a light-cycle of 12L:12D. Ambient temperature is maintained between 20 and 25°C and humidity between 50% and 70% by a computer-controlled HVAC system. Bats are fed daily at midday with grueled apples, monkey chow (Harlan Teklad, Denver, CO), molasses, nonfat dry milk, cherry gelatin with raisins, and fresh bananas. In addition, a variety of other fruits, including mango, papaya, cantaloupe, banana, grapes, and watermelon, are provided in food trays and also arrayed on skewers throughout the room to stimulate foraging behavior. For additional enrichment, artificial trees and vines are provided.
All procedures for the present work were approved by the University of Northern Colorado Institutional Animal Care and Use Committee and were in compliance with the USA Animal Welfare Act. Euthanasia was performed by respiratory hyperanesthesia with isoflurane followed by thoracotomy.
RNA Extraction
A single cell suspension of splenocytes was prepared by gentle disruption of Seba fruit bat spleens between the ends of sterile frosted glass microscope slides. Red blood cells were lysed with AKC Lysis Buffer (Cambrex Biosciences, East Rutherford, NJ) for 5 min at room temperature followed by 3x wash in PBS (pH 7.4). Splenocytes were cultured in 5% FBS RPMI-1640 and activated in 2 g/ml concanavalin A and 2 g/ml E. coli LPS (Sigma, St. Louis, MO) overnight at 37°C under 7% CO 2 . RNA was extracted according to manufacturer's instructions using the Serious RNA Purification TM RNA Cell kit (Gentra Systems, Minneapolis, MN) and aliquots were stored at -70°C until used.
Reverse Transcription-Polymerase Chain Reaction
RNA was reverse-transcribed using iScript TM cDNA synthesis kit (BioRad, Hercules, CA, USA) using a mixture of random hexamers and oligo-dT primers. PCR was performed using degenerate primers (Table 1 ) with the PCR Core kit (Qiagen, Valencia, CA). Amplification was initially performed using 35 cycles of 95°C for 30 seconds, annealing at 58°C for 30 seconds, and extension at 72°C for 1 minute. After 35 cycles, samples were incubated at 72°C for 10 minutes and then held at 4°C. For genes that failed to amplify with 58°C annealing, the annealing temperature was lowered to 50°C for the first five cycles, then at 58°C for 30 cycles. PCR products were then resolved on a 1% agarose gel to verify amplification.
Cloning of PCR Products
Amplicons were cloned into TOPO-TA Sequencing (Invitrogen, Carlsbad, CA) vector according to the manufacturer's directions. Vectors were then used to transform competent DH5 E. coli cells that were then plated on LB/Amp. Several colonies were chosen from each gene and screened by PCR to verify the correct plasmid insert. Colony screening was done by PCR (PCR Master Mix, Madison, WI) with primers used for the original amplifications. Selected colonies were then incubated overnight at 37°C in 4 mL of LB broth containing 50 μg/ml ampicillin. Plasmids were purified using a Qiagen QIAprep spin Miniprep kit (Valencia, CA), and recovery was verified using a 1% agarose gel.
Rapid Amplification of cDNA Ends (RACE)
RACE PCR was used to obtain additional 5' and 3' sequences of Seba's short-tailed bat IL-23a, IL-10, and GM-CSF genes. 5' regions were extended for all three genes, but 3' RACE fragments were not obtained. RACE was performed using a SMART™ RACE cDNA Amplification kit (Clontech, Mountain View, CA). Primers for RACE PCR were designed from conserved regions in previously obtained sequences described in section 2.4. RACE primers are included in Table 2 .
Sequence Analysis
Sequencing reactions were performed using T7 and T3 primers with Big Dye Terminator (Applied Biosystems, Foster City, CA). Sequences were edited and contigs built using Sequencher (GeneCodes, Ann Arbor, MI) and BLAST was used to identify genes. Amino acid alignments were made using orthologous cytokine sequences from human (Homo sapiens), chimpanzee (Pan troglodytes), rhesus monkey (Macaca mulatta), domestic dog (Canis lupus familiaris), domestic cat (Felis catus), and house mouse (Mus musculus). Accession numbers are listed for each protein in Table 3 . The CLUSTAL algorithm in MacVector sequence analysis software (Cary, NC) was used to perform the alignments. Sequences were deposited into GenBank (TNF, EF653909; GM-CSF, EF653911; IL-23a, EU223817; IL-10, EF653910).
Phylogenetic Analysis
Phylogenetic analyses were conducted using amino acid sequences collected from Seba's short-tailed bat and orthologous sequences obtained from GenBank. Orthologous sequences were obtained from a single representative of as many taxonomic groups as possible. The following orthologous sequences were used (see Table 3 for GenBank accession numbers); TNF from human, chimpanzee, rhesus monkey, domestic dog, domestic cat, house mouse, horse (Equus caballus), cattle (Bos taurus), pig (Sus scrofa), and chicken (Gallus gallus); IL-10 from human, chimpanzee, rhesus monkey, domestic dog, domestic cat, house mouse, horse, cattle, pig, and chicken; IL-23a from human, chimpanzee, rhesus monkey, domestic dog, domestic cat, house mouse, horse, cattle, pig, and platypus (Ornithorhynchus anatinus); and GM-CSF from human, chimpanzee, rhesus monkey, domestic dog, domestic cat, house mouse, horse, cattle, pig, and chicken.
All sequences were aligned using the CLUSTAL algorithm in MacVector sequence analysis software. PAUP* 4.0b10 [20] was used to perform maximum parsimony analyses for each region. All characters were weighted equally and the exhaustive search procedure was used to determine the most parsimonious tree. Trees were rooted using chicken as an outgroup for GM-CSF, TNF, and IL-10, and platypus for IL-23a. Support for branching patterns were analyzed using a parsimony bootstrap procedure with 1000 replicates.
RESULTS
Strategy for Cloning Bat Cytokine Genes
We adapted a similar degenerate PCR cloning strategy previously used by us with wild rodents [21, 22] . Orthologous sequences of several mammalian cytokine genes were aligned and degenerate primer sets were designed ( Table 1) . Total RNA was extracted from concanavalin A and LPS-stimulated splenocytes to enhance transcription of cytokine genes. RT-PCR was then performed and amplicons were cloned and sequenced. We aligned translated bat and orthologous sequences to identify conserved amino acid regions and analyze phylogenetic relationships.
TNF
The cloned cDNA of Seba's short-tailed bat TNF was 675 nt and encodes approximately 96% of the TNF coding region. The nucleotide sequence was translated using MacVector's default translation table and then aligned with orthologous mammalian sequences. The nucleotide sequence encodes nearly all of the TNF polypeptide (226 residues) and exhibits 82% identity and 84% similarity to human TNF (Fig. 1) , and 79% identity and 86% similarity to Leschenault's Rousette bat TNF [15] . The gene is highly conserved between species and shares a nearly identical transmembrane domain with orthologous TNF (residues 32-58) [23] . Serine residues at positions 83 and 84, the putative cleavage point for the release of soluble TNF homotrimer, appear to be similar to those of human, chimpanzee, rhesus monkey, dog, cat, and mouse TNF. The cysteine residues at positions 148 and 180 for intrachain disulfide bond formation are conserved in this bat [24] . A conserved histidine is present in the bat sequence at position 194, and is necessary for biological activity of TNF [25] . Residues L115, S165, and E225 are involved in receptor interaction of TNF [26] , and are conserved in Seba's short-tailed bat polypeptide.
IL-10
The cloned cDNA fragment of Seba's short-tailed bat IL-10 was 453 nt in length and encodes approximately 80% of the IL-10 polypeptide (151 residues) (Fig. 2) . The polypeptide has 78% identity and 84% similarity to the human IL-10 sequence [27] , and 74% identity and 82% similarity to Leschenault's Rousette bat IL-10 [15] . The amino acid residues for the first four helices are highly conserved in the Seba's short-tailed bat sequence (helix A, residues 42-65; B, 73-82; C, 84-106; D, 111-134) [28] . The sequence is incomplete for the fifth helix. The four Fig. (1) . Amino acid alignment of TNF sequences. Seba's short-tailed bat cDNA was translated using the default translation table in MacVector DNA analysis software. The human, chimp, rhesus monkey, dog, cat and mouse TNF sequences were imported into MacVector from NCBI (accession numbers in Table 2 ) and aligned using the default parameters in the clustalw algorithm. Regions of sequence outlined in dark gray represent either consensus amino acid identities or similarities and white areas indicate non-similar amino acids. The bar that is denoted TM represents the region of TNF that is involved in the transmembrane domain. Residues marked with asterisks represent conserved residues that are involved in biological function of TNF.
conserved cysteine residues that are responsible for interchain disulfide bonds [29] are also present in the bat sequence.
IL-23a
The cloned fragment of IL-23a was 594 nt and encodes nearly 95% of IL-23a gene (Fig. 3) . The nucleotide sequence encodes nearly all of the IL-10 polypeptide (197 residues) and exhibits approximately 74% identity and 81% similarity to human IL-23a. The bat sequence contains all four cysteine residues that are involved in intrachain disulfide bonding (residues 48, 84, 88, and 100) and also includes all four helices (helix A, residues 39-58; B, 98-121; C, 127-147; D, 166-196) [30] .
GM-CSF
The nucleotide sequence for Seba's short-tailed bat GM-CSF gene is 290 nt and encodes the first 96 residues (~69%) of the bat polypeptide. This region is highly conserved with a 25-residue signal peptide present (L, residues 1-25, Fig. 4 ) and shares 71% identity and 78% similarity to human GM-CSF. The bat polypeptide contains a partially conserved helix A that is involved in binding to the GM-CSF receptor (A, residues 29-44) [21, 31, 32] , which differs by 6 amino acids compared to the mouse, and by 8 amino acids compared to the human sequences. The ß1 strand that is involved in receptor binding is also present in this sequence (residues 59-61). Helix B is highly conserved (B, residues 72-84), and a partial helix C is encoded in the polypeptide (C, residues 91-97) [32] . The bat sequence also encodes a conserved cysteine residue (residue 71) that is used for the intrachain disulfide bond [31] . The paired cysteine is located near the C-terminus of the polypeptide in other species and would be found in the uncloned region of the bat sequence presented here.
Phylogenetic Analysis
The alignment of TNF sequences included a total of 246 characters, of which 190 were variable and 45 were parsimony informative. The alignment of IL-10 sequences included a total of 188 characters, of which 128 were variable and 51 were parsimony informative. The alignment of IL-23a sequences included a total of 235 characters, of which 174 were variable and 39 were parsimony informative. The alignment of GM-CSF sequences included a total of 156 characters, of which 124 were variable and 56 were parsimony informative.
Analysis of the TNF data resulted in 5 equally parsimonious trees (C.I. = 0.9054; R.I. = 0.5272; length = 349). The consensus tree placed Seba's short-tailed bat as unresolved at the base of the tree with house mouse, horse, and chicken (Fig. 5A) . The bootstrap analysis strongly Fig. (2) . Amino acid alignment of IL-10. Seba's short-tailed bat IL-10 amino acid sequence was aligned with other orthologous mammalian IL-10 sequences as described in Fig. (1) . Lettered boxes above the sequences indicate helix regions and the four asterisks denote conserved cysteines that form intrachain disulfide bonds.
supported a clade with human, chimpanzee, and rhesus monkey (99% bootstrap), with human and chimpanzee exhibiting a sister relationship within that clade (71% bootstrap).
Analysis of the IL-10 data resulted in 2 equally parsimonious trees (C.I. = 0.8732; R.I. = 0.6500; length = 276). The consensus tree placed Seba's short-tailed bat as basal to a clade containing domestic dog and domestic cat (Fig. 5B) . However, bootstrap analysis did not support the placement of Seba's short-tailed bat. The only clade that was strongly supported contains human, chimpanzee, and rhesus monkey (96% bootstrap), with human and chimpanzee exhibiting a sister relationship within that clade (96% bootstrap). Fig. (3) . Amino acid alignment of IL-23a. Seba's short-tailed bat IL-23a amino acid sequence was aligned with other IL-23a sequences as described in Fig. (1) . Lettered boxes above the sequences denote four helix regions and the five asterisks indicate conserved cysteine residues.
Analysis of the IL-23a data resulted in single most parsimonious tree (C.I. = 0.9313; R.I. = 0.6901; length = 320). Within the tree Seba's bat was placed basal to a clade containing all of the placental mammals except house mouse (Fig. 5C) . Bootstrap analysis strongly supported the clade grouping Seba's bat with all of the placental mammals except house mouse (92% bootstrap) and the clade containing human, chimpanzee, and rhesus monkey (100% bootstrap), with human and chimpanzee exhibiting a sister relationship within that clade (91% bootstrap).
Analysis of the GM-CSF data resulted in 2 equally parsimonious trees (C.I. = 0.8859; R.I. = 0.6264; length = 298). The consensus tree placed Seba's short-tailed bat as unresolved relative to all of the mammals except for mouse, which was unresolved at the base of the tree with chicken (Fig. 5D) . The bootstrap analysis strongly supported a clade with human, chimpanzee, and rhesus monkey (100% bootstrap), with human and chimpanzee exhibiting a sister relationship within that clade (71% bootstrap).
DISCUSSION
Until recently, bats have been underappreciated as reservoir hosts for pathogenic viruses. The relationships between bats and their viruses are poorly understood. Many zoonotic viruses hosted by other mammals may establish persistent infections without significant pathological consequences. Identification of the underlying mechanisms governing non-pathogenic infections of reservoirs may provide clues to virus ecology as well as the pathogenesis in human diseases caused by these viruses [1, 33] .
We have begun to develop laboratory models to understand the immunological relationships between viruses and their bat hosts. We have successfully cloned and sequenced several cytokine genes from bats and have shown that these sequences are substantially conserved among known mammalian orthologs.
TNF is thought to play a prominent role in pathogenesis of many infectious diseases, including hantavirus cardiopulmonary syndrome, dengue hemorrhagic fever and dengue shock syndrome [34] . It is a chemotactic inflammatory cytokine secreted by various immune cells and is expressed as a membrane-bound homotrimer that is cleaved by a cellular protease imbedded in the plasma membrane; its release induces inflammation by causing vascular leakage [35] . The sequence of TNF from Seba's short-tailed bat is highly similar to TNF of other species and, other than a three amino acid deletion at positions 64-66, contains no unusual differences from those sequences. Interestingly, Seba's fruit bat TNF has fewer identities, but more similarities to human TNF than it does to Leschenault's Rousette bat TNF.
IL-10 is a noncovalently-linked homodimer secreted by many cells, including some regulatory T cell subsets, and is capable of suppressing inflammatory responses [36, 37] . Each monomer is composed of six alpha helices and four conserved cysteine residues that are responsible for intrachain disulfide bond formation [28] . The bat polypeptide also is highly similar to IL-10 from vertebrates of other species, especially within their functional domains. The Seba fruit bat sequence has more similarity and identity to human IL-10 than it does to Leschenault's Rousette bat IL-10.
IL-23a is in the interleukin-12 family and is coexpressed with IL-12p40 to form a disulfide-linked heterodimer [30] . It   Fig. (4) . Amino acid alignment of GM-CSF. Seba's short-tailed bat GM-CSF amino acid sequence was aligned with other mammalian GM-CSF sequences as described in Fig. (1) . The region denoted with an L indicates a 25 amino acid signal peptide and the 1 is the domain involved in receptor binding. Conserved helices A, B and C are denoted by bars above the sequences.
is secreted from human and mouse dendritic cells generated in the presence of GM-CSF and IL-4, can induce IFN responses and promote proliferation of memory T cells in mice [38] . It is important for initiation of the adaptive immune response to some infections. The bat polypeptide is highly similar within domains to IL-23a of other mammalian species; however, it possesses a three amino acid insertion (GEK) at positions 68-70, between helices A and B, a region with unrecognized biological significance.
GM-CSF is a glycoprotein that can stimulate the growth and differentiation of many immune cells, including bone marrow stem cells [39, 40] . It is secreted by a variety of cells, including Th1 cells, controls the activities of a variety of phagocytic cells, is an important stimulator for the growth and development of immune cells, and is routinely used for in vitro propagation of dendritic cells from bone marrow progenitors [41] . Although the sequence of Seba's shorttailed bat GM-CSF is highly similar to orthologous sequences, it has several differences in helix A, a receptor binding domain.
Phylogenetic reconstructions did not provide clear resolution of the relationship between Seba's short-tailed bat and other placental mammals. Phylogenetic trees from three cytokine genes (TNF, IL-23a, and GM-CSF) placed Seba's short-tailed bat in an unresolved position at or near the base of the tree. IL-10 provided the best phylogenetic resolution among taxa, placing Seba's short-tailed bat in a clade containing domestic dog and domestic cat. This placement corresponds to recent mammalian phylogenetic analyses, which group bats, dogs, and cats into the Superorder Laurasiatheria [42] . However, Superorder Laurasiatheria also contains cattle, horse, and pig, which are dispersed throughout the IL-10 phylogenetic tree. The general lack of phylogenetic resolution indicates that additional taxonomic sampling will be required to accurately document the evolutionary divergence of these cytokine genes.
We are continuing to clone and sequence additional cytokine genes and other immune related transcription factors of Seba's short-tailed bat to assess immune responses. We believe these primer sets could be used for amplifying and cloning orthologous sequences from bats of many other species. In addition, the little brown bat (Myotis lucifugus) genome has recently being sequenced to deep coverage (7x, Broad Institute, Cambridge, MA), which should provide an important genomic resource for research efforts regarding reservoir bat host responses to viral infections. 
